The paper presents the results of the application of a newly developed method to study deformation and fracture processes in specimens produced by linear friction welding. This method combines mathematical modeling and experimental mechanical testing. By application of this method it has been demonstrated that during uniaxial testing of welded joint specimens of Ti-6Al-4V and Ti-6Al-3.5Mo shear bands occur at an angle of 45º. Fracture of the specimen took place near the weld line, in the heat-affected zone, of the Ti-6Al-4V alloy. Microcracks started in the centre of the tested specimen. Recording of acoustic emission signals during tensile testing identifies the appearance of the initial microcracks and can predict the precise moment of fracture.
Introduction
The ability to predict and improve the reliability of complex structures for aircraft applications, such as hollow blades or bladed disks (Blisks), is connected to the investigation of strain distribution and the stress-strain state of structural members. Such investigations can be carried out by combining mathematical modeling and experiments. One of the experimental methods which is proposed in this paper is the mechanical testing with synchronous recording of strain fields using the optical system VIC-3D and of acoustic emission (AE) signals. The proposed combined method can be used effectively to monitor strain changes and localization, and to perform quality control on innovative products, such as designing new generation aircraft engines.
The present paper presents the results of the development of such an application of a combined method of study of deformation and fracture processes in specimens produced by linear friction welding.
Material for study and research procedure
Welded specimens were produced by linear friction welding (LFW) dissimilar specimens of two alloys, Ti-6Al-4V and Ti-6Al-3.5Mo [1] . An example of the microstructure is shown in fig. 1 . The tensile test specimens were sectioned from the welded joints, with a cross section of 15 х 0.8 mm ( fig. 2) . The welding plane is perpendicular to the direction of application of tension. The uniaxial tensile testing of specimens was conducted using an INSTRON 5982 machine with a crosshead speed of 1 mm/min. The AE signals were recorded using the MALAKHIT АS-12А software and hardware system, and investigation of displacement and strains was performed using the Vic-3D digital optical system. Fig.3 shows synchronized diagrams of tensile tests and AE signals of the welded joints. At the initial stage of the tensile load increase (0 to 100 seconds), the AE signals grow in amplitude which is typical of gripped specimens in such testing conditions. This is followed by a decline in signal intensity which is related to the deformation of the tensile test specimen. At t 1 =140 s elastic strain is gradually concentrating near the specimen corners ( fig.4 (а) ), where microcracks at the surface appear, and produce AE signals with an amplitude of up to 70 dB. When plastic strains develops in the time interval from 145 to 160 seconds, shear bands at 45º form in the specimen ( fig.4(b) ). It can be seen in fig. 4 (c) that in the welding line area there are high strains, as microstructure and texture of the welded joint and its adjacent area are different from base metal. There is a decline of the acoustic signals activity at this stage, which is related to the arrest of the formation of surface microcracks as stresses relax in other parts of the specimen [2] .
Results
After t 4 =175 s ( fig.4(d) ), strain distribution becomes much more complex, with a second shear band appearing, and forming a cross together with the previous shear band. Intersection of these two shear bands affects stresses and leads to the creation of further microcracks in the centre part of the specimen. The formation of these microcracks is registered with AE signals.
Microcracks join together to form a large crack that extends from the center of the cross of the shear bands to the edges of the specimen. This final crack which is responsible for the fracture of the specimen does not originate from the weld line but from the point where the two shear bands cross. This sequence of events is confirmed by fractographic studies. In the middle of the specimen ( fig.5(a) ) evidence of breaking is visible, which is the result of the first microcrack forming. The other parts of the specimen fractured demonstrate a cleavage ( fig.5(b) ) characteristic of monotonic crack propagation and fracture indicating a ductile fracture. The crack itself has rather smooth edges. The structure of the specimen at the edges differs from the one in the middle. It should be noted that there are shear bands present in all fractured specimens, while in the AE signals recorded one can identify the various stages of plastic straining and start of fracture. By constructing a sketch of strain distribution in the specimen together with data of the amplitudes and energies of AE it is possible to predict, with a sufficient degree of certainty, the position and the cause of fracture long before the specimen or the structure fractures.
Conclusions
The application of this combined approach has identified the mode of strain concentration during uniaxial testing of welded joint specimens of Ti-6Al-4V and Ti-6Al-3.5Mo which had been produced by LFW. It has been shown that shear bands occur at an angle of 45º. Fracture of the specimen took place near the weld line in the heat-affected zone in the Ti-6Al-4V alloy. Microcracks started in the centre of the tested specimen. Recording of AE signals during tensile testing identifies the appearance of the initial microcracks and can predict the precise moment of fracture.
